Protein−surface interactions play a pivotal role in processes as diverse as biomineralization, biofouling, and the cellular response to medical implants. In biomineralization processes, biomacromolecules control mineral deposition and architecture via complex and often unknown mechanisms. For studying these mechanisms, the formation of magnetite nanoparticles in magnetotactic bacteria has become an excellent model system. Most interestingly, nanoparticle morphologies have been discovered that defy crystallographic rules (e.g., in the species Desulfamplus magnetovallimortis strain BW-1). In certain conditions, this strain mineralizes bullet-shaped magnetite nanoparticles, which exhibit defined (111) crystal faces and are elongated along the [100] direction. We hypothesize that surface-specific protein interactions break the nanoparticle symmetry, inhibiting the growth of certain crystal faces and thereby favoring the growth of others. Screening the genome of BW-1, we identified Mad10 (Magnetosome-associated deep-branching) as a potential magnetite-binding protein.
U nderstanding the interaction between biomolecules and inorganic surfaces is of fundamental and applied interest in areas ranging from the control of crystal growth in synthetic and biological systems 1, 2 to the synthesis of biocomposites, 3−5 biomedical implants, 6, 7 and functional coatings. 8 Knowledge about the binding mechanisms and kinetics of specific interactions between biomacromolecules and inorganic surfaces is required before these interactions can be utilized in a controlled manner for the in vitro synthesis of tailor-made materials. In this regard, biomineralizing organisms offer a variety of model systems where organic−inorganic interactions can be studied.
Magnetotactic bacteria (MTB), which form magnetite nanoparticles (MNPs), 1, 2 are a highly powerful model for investigating the underlying molecular interactions and mechanisms. In MTB, proteins are known to control the size and organization of MNPs in specific organelles, termed magnetosomes. MNP properties are species-dependent 9,10 and can be altered using genetic modifications. 2, 11 Most interestingly, MTB form elongated particles of a mineral (magnetite) that is known to crystallize in the space group Fd3̅ m. The inverse spinel structure of magnetite is a cubic face-centered crystal structure with two sublattices where usually only isometric (cuboctahedric or rounded) particles are expected. It has been hypothesized that specific proteins are responsible for this crystallography-defying morphology and that these proteins specifically interact with certain crystal faces. 10, 12, 13 Only a very limited number of magnetite-binding proteins have been investigated so far. Mms6 was the first protein to be studied both in vitro 12,14−16 and in vivo 17 and is now considered to mainly impact the size of the particles. 17 Despite numerous efforts, no definitive morphology-determining proteins have been identified. As the (magnetic) properties of MNPs are morphology-dependent, 18, 19 control over particle morphology will directly impact potential applications of MNPs. 20 Here, we focus on Desulfamplus magnetovallimortis strain BW-1. In certain conditions, this strain mineralizes elongated, bullet-shaped MNPs, which defy crystallographic rules. 21, 22 We first investigate the morphology of these elongated MNPs and perform a bioinformatics analysis of the BW-1 genome to identify proteins that are putatively involved in magnetite biomineralization and, in particular, MNP morphology control. We hypothesize that these proteins may bind to specific crystal faces of the mineral, thereby promoting crystal growth along specific crystal directions while blocking others. To characterize the protein−magnetite interaction, we use atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS). SMFS is a powerful method for studying protein− surface interactions, 23−29 as it allows for measuring binding and unbinding events on nontransparent, crystalline materials. Most importantly, it allows for investigating crystal-face-specificity, probing the possible interaction with magnetite (100)-and (111)-oriented single-crystalline thin films. Focusing on the putative magnetite-binding protein Mad10 (Magnetosomeassociated deep-branching 10), we show that this previously uncharacterized protein displays strong binding to magnetite even though the interaction does not appear to be crystal-facespecific.
Identification of the Putative Magnetite-Binding Protein Mad10. Whereas most MTB synthesize almost spherical MNPs, 2 the MNPs observed in Desulfamplus magnetovallimortis strain BW-1 exhibit a less-studied bullet-shaped morphology. 9, 21 We therefore started with a characterization of the MNP morphology ( Figure 1 ), using high-resolution transmission electron microscopy. Strikingly, well-defined {111} surfaces are observed at the base of the particle, while the particle elongates along the [100] direction. The elongated faces are characterized by higher Miller indices, which led us to speculate that biomolecules may recognize and stop the growth of the {111} faces as previously suggested by Li et al. 13 Using input from bioinformatics, it has been proposed that some Mad proteins might be involved in the morphological control of these elongated MNPs in BW-1. 22 We therefore focus on these Mad proteins, expressed by the mad gene cluster. 22 Thirty mad genes are present in BW-1, and 11 of these genes (mad1 -mad11) are putatively involved in the synthesis of magnetite. 22 The corresponding amino acid sequences were screened for regions that are expected to be located in the magnetosome lumen (i.e., the membrane compartment where MNP synthesis is taking place and that contain a high number of amino acids carrying charged and hydroxyl side chains). These amino acids are expected to be involved in magnetite-binding and iron biomineralization. 12, 30, 31 A sequence region close to the C-terminus of Mad10 fits these criteria.
A comparative genomic analysis with all sequenced MTB that produce bullet-shaped MNPs (Table S1) shows that all species have a copy of mad10. This result reinforces the putative involvement of Mad10 in the formation of bullet-shaped MNPs. An amino acid sequence alignment ( Figure 2 ) as well as a Mad10-based phylogenetic analysis ( Figure S1 ) indicate that this protein is well-conserved among bullet-shaped producers of the Proteobacteria and Nitrospirae phyla. Structure prediction algorithms suggest that Mad10 from Desulfamplus magnetovallimortis BW-1 possess three α-helical regions (two of which are conserved among all investigated Mad10 proteins). A highly conserved region of Mad10 is located close to the C-terminus and corresponds to one of the predicted helices (amino acids 74−99). This helix contains a specific pattern of hydrophobic and charged amino acids, which aligns them on specific faces of the helix. This further supports the hypothesis that this region is involved in the interaction with magnetite. 12 Mad10 was therefore identified as the most promising magnetite-binding protein. The biological function of this small protein (113 amino acids) is currently unknown. It contains a CXXC magnetochrome-like motif 38 at the C-terminus, suggesting that it may also be involved in redox control.
Considering the limited structural and functional information available for Mad10, we took a reductionist approach and focused our characterization on a synthetic peptide fragment (Mad10p; amino acids 72−102) that is slightly longer than the conserved C-terminal helix (Figure 3a ). The predicted helical part was extended by two charged amino acids at the Nterminus, which may potentially be involved in the magnetite interaction. Three amino acids were further added at the Cterminus to ensure that all possible structurally and functionally relevant amino acids are included, which are present Nterminally of a helix-breaking proline at position 103 ( Figure  2 ). We envisioned that focusing on the putative magnetitebinding sequence facilitates a straightforward binding analysis, avoiding recombinant expression of this unknown protein. A synthetic peptide fragment of the protein Mms6 was already used for the synthesis of magnetite nanoparticles. Synthetic magnetite binding peptides are thus also of interest for applications. 16 From a practical point of view, the use of the peptide fragment Mad10p further enabled us to prepare a 
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Letter scrambled peptide sequence (Mad10sc; Figure 3a ) for probing the specificity of the interaction with epitaxially grown magnetite thin films, exhibiting Figure S5 ). This does not only support the results of the secondary structure prediction. It also confirms our hypothesis that this region of the protein is able to interact with magnetite.
Specificity of the Mad10p−Magnetite Interaction. In a first series of SMFS experiments, we tested the specificity of the interaction of Mad10p and Mad10sc with Fe 3 O 4 (100) 39−41 and Fe 3 O 4 (111) thin films. The peptides were covalently coupled to the AFM cantilever in a site-specific manner using a poly-(ethylene glycol) (PEG) linker (Figure 3a ), 42 and allowed to interact with the different surfaces. Cantilevers functionalized only with the PEG linker were used as an additional negative control. Typical force−extension curves for the Mad10p− magnetite interaction are shown in Figure 3 . For all configurations, the data was analyzed to count the number of force−extension curves that showed no, one, or multiple (i.e., two or more) rupture events ( Figure S6 and Table S2 ). The results are summarized in Table 1 . The results show a higher interaction frequency (one or multiple rupture events) for Mad10p when compared with Mad10sc and the PEG linker only. For the peptide-free control, binding was almost completely absent (≤5% on both surfaces), whereas a slightly higher interaction frequency of 6−10% was observed for Mad10sc. This is not unexpected as this peptide also contains a large number of charged amino acids that can potentially interact with magnetite. 12, 30, 31 Together, this result clearly suggests that Mad10p binds to both magnetite surfaces in a specific manner. The specificity of binding was further confirmed in additional control experiments where the interaction of Mad10p with glass and mica surfaces was tested (Table S3 ).
Kinetic Analysis of the Mad10p−Magnetite Interaction. For a more detailed binding analysis, we focused only on force−extension curves that displayed a single rupture event. The rupture forces were extracted, and rupture force histograms were generated. For both Fe 3 O 4 (100) and Fe 3 O 4 (111) surfaces, the rupture force histograms ( Figure 4 and Figure S7 ) are broad and cannot be fitted with a Gaussian distribution, which is frequently used to obtain the most probable rupture force. Similarly broad rupture force distributions have been observed in earlier studies, when investigating other interactions between biomolecules and inorganic surfaces. 26, 28 These broad distributions are frequently assigned to the presence of multiple rupture events. 26, 43 If two or more biomolecules dissociate from the surface simultaneously, the additional rupture events may not be visible in the force−extension curve, while a higher rupture force may still be detected. 44 In our case, we exclude this possibility as the long PEG spacer used (controur length >60 nm 45 ) decreases the probability that two peptides detach from the surface at exactly the same extension.
Assuming that a small number of peptides immobilized at the tip of the cantilever possess an equal chance to independently interact with the surface, we further validated the selection of single rupture events with a theoretical Poisson distribution. Assuming a given number of no rupture events (which are most accurately identified), we calculated the expected number of single and multiple rupture events. Given that the selected Figure 2 . Alignment of conserved regions of the amino acid sequences of Mad10 proteins found in MTB. Twelve sequences were retrieved from databases: 1. Desulfamplus magnetovallimortis BW-1, 22 2. Candidatus Magnetomorum sp. HK-1, 32 3. Desulfonatronum sp. ML-1, 33 4. Desulfonatronum sp. ZZ-1, 33 5. Desulfovibrio magneticus RS-1, 34 6 . Candidatus Magnetobacterium casensis, 35 7. Candidatus Magnetobacterium bavaricum, 36 8. uncultured Nitrospirae bacterium 1, 9. uncultured Nitrospirae bacterium 2, 10. uncultured Nitrospirae bacterium 3, 11. Nitrospirae bacterium HCH-1 and 12. Candidatus Magnetoovum chiemensis. 37 The numbering of amino acids corresponds to the sequence of Desulfamplus magnetovallimortis BW-1. The black boxes represent regions predicted to be helical, using Jpred4 on the sequence of Desulfamplus magnetovallimortis BW-1.
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Nano Lett. XXXX, XXX, XXX−XXX number of single rupture events lies below the fraction predicted from the Poisson distribution, we infer that it is highly unlikely that multiple ruptures are hidden inside the population of single rupture events. We thus conclude that the broad rupture force distributions describing the Mad10p−magnetite interaction do The data was collected at a cantilever retraction speed of 1 μm s −1 . The data is reported as the relative amount of zero (0), single (1) and multiple (≥2) rupture events. The total number of force−extension curves and the amount of cantilevers used for each condition is reported in Table S2 in the supporting information. The values in brackets represent the expected number of rupture events calculated using a Poisson distribution. Table 2 .
not originate from multiple rupture events but are instead a characteristic of this specific Mad10p−magnetite interaction. We hypothesize that these broad force distributions originate from one of the following three possibilities: the first possibility is the inherent heterogeneity originating from the magnetite thin films in the form of defects or different crystal faces. AFM height images of the magnetite surfaces confirm the presence of defects and irregular nanoscale features (Figure 3b, Figure S3 ). Mad10p potentially binds with a different conformation and thus affinity to the local crystalline surface it interacts with. The second possibility is a conformational heterogeneity of the peptide itself. We exclude this possibility, as the α-helical conformation of the peptide is stabilized by iron binding, as proven by CD spectroscopy ( Figure S5 ). The third possibility is rebinding of the peptide to the surface. A crystalline surface exhibits a very high density of possible binding sites so that the probability of rebinding (i.e., the association rate) can be much higher than for receptor−ligand interactions, which are usually investigated with SMFS.
To infer the possible contribution of rebinding, we further characterized the nature of the Mad10p−magnetite interaction in a dynamic SMFS experiment where the interaction is probed at different retraction speeds (i.e., loading rates r = dF/dt). In such an experiment, rebinding is more likely at low retraction speeds and becomes less and less probable with increasing retraction speeds. The most frequently used Bell−Evans model, which does not include the possibility of rebinding, predicts that the rupture force distribution shifts to higher values with increasing retraction speed. 46−48 In contrast to this prediction, all rupture force histograms look almost identical and are hardly shifted from one retraction speed to another, suggesting that the rupture forces are independent of the retraction speed. Furthermore, the mean rupture force seems to be independent of the retraction speed in the range of 0.05 μm s −1 to 10 μm s −1 . Only at the highest retraction speed of 16 μm s −1 , corresponding to a mean loading rate of about 10 5 pN s −1 , we observe a slight increase in the mean rupture force ( Figure S8 ). This finding suggests that the system is in a quasi-equilibrium at retraction speeds up to 10 μm s −1 , indicating that the peptide rebinds to the surface while the cantilever is retracted. 28,48−50 For further analysis, we calculated the effective forcedependent unbinding rates from the rupture force histograms using the method of Dudko et al. 51 (see Supporting Information). The unbinding rates exhibit an unexpected dependence on the retraction speed ( Figure S9a,b) . They become faster with increasing retraction speed for any given force. At the same time, the functional dependence on the force seems to be insensitive to the speed, as if the retraction speed would determine an overall rescaling of the force-dependent unbinding rate. Such a behavior is in sharp contrast with a simple bond model, where the force-dependent unbinding rate is independent of the retraction speed. As predicted by Dudko and co-workers, 52 the unbinding rates obtained from measurements at different retraction speeds collapse onto one force-dependent curve, which is not the case for the data shown here. As a consequence, neither the Bell−Evans nor the Dudko method can be directly applied to extract kinetic information about the peptide−surface interactions. With the aim of fully describing the obtained force distributions and of obtaining kinetic information, we therefore introduce a theoretical description that includes the possibility of rebinding (Figure 4a ; see SI for a full description of the model and the corresponding data analysis).
Our theory to describe unbinding from the surface is based on a three-state model: in state (1), the peptide is strongly bound to the surface, in state (2) it is closely associated with the surface, but not strongly bound, and in state (3), the peptide is completely dissociated (Figure 4a ). We assume that the transition rate from the bound state (1) to the closely associated intermediate state (2) depends exponentially on the applied force as k 12 (F) = k 12 0 exp (Fx 1 /k B T), where k 12 0 is the force-free unbinding rate, x 1 the distance from the bound state to the transition state, and k B T the thermal energy. From the intermediate state (2), the peptide can either rebind to the surface (1) with the constant, force-independent rate k 21 or dissociate completely (3) with rate k 23 . However, in the intermediate state, the peptide is pulled away from the surface with constant speed, so that rebinding is only possible within a time window that becomes shorter with increasing retraction speed. We therefore assume that the transition rate from the intermediate to the unbound state is linearly proportional to the retraction speed, while it also depends on the force exponentially as k 23 
where χ is an interaction distance, v 0 a velocity offset, x 2 the distance from the bound state to the transition state, and k B T the thermal energy. To obtain the probability density function of the rupture forces, we transform a master equation that describes the time evolution of the probability p i for the system to be in one of the three states (i) into a function of force:
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These equations involve the loading rate dF/dt that depends on the retraction speed and the nonlinear elastic properties of the PEG linker (see Supporting Information for details). The last equation (eq 3) provides the probability density function of the rupture forces.
The numerical values of the model parameters were chosen such that the model matches the experimental rupture force histograms for a retraction speed of 1 μm s −1 (Figure 4b ,c, Table  2 , and Figure S10 ). With these parameter values, the model is also in quantitative agreement with the measured rupture force histograms for all other retraction speeds ( Figure S11) . The calculated distributions are almost independent of the retraction speed. Moreover, the model allows us to obtain an explicit analytical expression for the effective force-dependent unbinding rate. The calculated unbinding rate agrees very well with the experimental data ( Figure S9 ). Specifically, it reproduces the unusual dependence on the retraction speed.
The kinetic parameters obtained from this three-state model indicate a very large rebinding rate k 21 of the peptide to both surfaces (9900 s −1 for the Fe 3 O 4 (100) and 9000 s −1 for the Fe 3 O 4 (111) surfaces, respectively; Table 2 ). Thus, the probability that the peptide rebinds to the surface upon initial unbinding is very close to 1 for small forces and small retraction speeds (Figures S9c,d) . In addition, the model can be used to estimate an effective load-free unbinding rate Table 2) . As briefly mentioned above, broad rupture force distributions can also result from heterogeneities, either on the surface or in the peptide conformation. To test this possibility, we have further tested an alternative model that considers different types of bonds that can form between the peptide and the surfaces. This model assumes that each type of bond possesses a different stability and that its mechanical dissociation follows the Bell− Evans model 46 (see Supporting Information for details). Although such a description can account for the rupture force distribution of one data set measured at one given retraction speed, it fails to reproduce the insensitivity of the complete set of rupture force distributions measured over a range of retraction speeds ( Figure S12 ). We therefore conclude that the rebinding model is more consistent with the experimental data. Overall, considering the small effective load-free unbinding rate on the order of 10 −4 s −1 , we conclude that Mad10p is bound to the magnetite surface very strongly. According to the kinetic model, strong binding in the absence of force results from rapid exchange between the bound and intermediate states, with the equilibrium strongly shifted toward the bound state.
■ DISCUSSION
The data presented above show that the conserved C-terminal α-helix of the protein Mad10 (Mad10p) binds to magnetite specifically and with high affinity; however, no crystal-facespecificity was observed. Because of the apparent lack of crystalface-specificity, we exclude the possibility that Mad10 plays an essential role in breaking the symmetry during magnetite crystal growth. It should be noted, however, that the thin films are not atomically flat and may expose other crystal faces ( Figure S3 ), which may prohibit the detection of crystal-face-specific interactions. Independent of this inherent experimental limitation, the strong binding of Mad10p to magnetite allows us to conclude that the protein Mad10 is involved in the formation of magnetite crystals. The strong binding to magnetite surfaces results from rapid rebinding upon initial dissociation, which makes binding almost irreversible in the absence of force. This interaction with magnetite surfaces is most likely driven by acidic amino acids. Five aspartic acid and six glutamic acid residues are arranged in a repetitive pattern within the sequence of Mad10p, and these amino acids are known to interact with magnetite. Molecular dynamics simulations have, for example, shown that these amino acids bind to the magnetite (111) crystal face. 30 In addition, infrared spectroscopy and X-ray photoelectron spectroscopy experiments have proven the interaction of glutamic acid with magnetite. 31 A defined arrangement of these two amino acids was also observed for the magnetosomal proteins Mms6 12, 14, 16 and MamC. 53 Hence, the conserved Mad10p region could be the key binding site to magnetite. In combination with the observation that trace amounts of iron ions are required to stabilize the α-helix in solution, this leads to the hypothesis that ion binding stabilizes the secondary structure by binding to regularly spaced aspartic acid and glutamic acid residues.
The reduced number of rupture events measured for Mad10sc highlights that both the amino acid composition and the regular arrangement of these amino acids on the surface of an α-helix are important factors for determining the peptide−magnetite interaction. Besides the regular arrangement of acidic residues, the helix further displays hydrophobic residues concentrated on one face of the α-helix. The resulting amphiphilic nature of the Mad10p α-helix may facilitate the interaction of the hydrophobic region with the native environment of the magnetosome membrane, 54−56 with other structural elements of Mad10 or also other magnetosome-associated proteins. Nucleation of bacterial magnetite crystals is hypothesized to occur at the membrane surface, and proteins are considered to act as nucleation templates. 57 Nucleation at surfaces was also observed in other biomineralization processes. 58 Considering its ability to bind cations and its putative interaction with the magnetosome membrane, we thus propose that Mad10 is involved in the nucleation of magnetite crystals. To confirm this hypothesis, the full-length Mad10 protein needs to be investigated in vitro to characterize its overall structure and its putative role in magnetite biomineralization. Also, in vivo knockout or overexpression studies of this protein will shed more light on its biological function. The recent development of a genome editing method for Desulfovibrio magneticus strain RS-1, 59 a magnetotatic bacterium producing similar MNPs as BW-1, will open up new strategies for the characterization of Mad proteins.
The strong binding of Mad10p to magnetite presents a highly powerful starting point for tailoring the newly discovered magnetite-binding protein Mad10 for biomedical and biotechnological applications, such as previously reported using the magnetosome protein MamC. 60 Fusing Mad10p (or the fulllength protein) to any protein of interest, will allow for specifically labeling MNPs in a one-pot reaction without the need of any additional linker. Mad10p can thus act as a magnetite-binding domain for attaching different fluorophores or biomolecules (e.g., recombinant antibodies) to magnetite surfaces. This strategy may also be implemented for the immobilization of affinity ligands for protein purification, making use of the magnetic behavior of MNPs. 61 Furthermore, Mad10p may be developed into a coating for MNPs, blocking the nonspecific interaction of other proteins. Such coatings might be of great interest for biomedical MNP applications, such as hyperthermia treatments or targeted drug delivery. An additional application of Mad10p could be the production of particle-reinforced composites. When coupling Mad10p to branched polymers, such as 4-arm poly(ethylene glycol), hydrogel formation can be induced upon adding MNPs. Such materials were, for example, obtained with MNPs and DOPA (L-3,4-dihydroxyphenylalanine)-functionalized polymers. 62 In conclusion, we identified a new magnetite-binding protein, named Mad10. This protein is derived from the magnetotactic bacterium Desulfamplus magnetovallimortis strain BW-1, which The parameters were determined for one data set each (measured at a retraction speed of 1 μm s −1 ) and validated with additional data sets (see Supporting Information). The numerical parameters for the nonlinear elasticity of the PEG linker are given in the Supporting Information. For the thermal energy, we use the value k B T = 4.1 pN nm and for the velocity offset v 0 = 1 nm s −1 .
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Nano Lett. XXXX, XXX, XXX−XXX mineralizes bullet-shaped magnetite crystals. Using SMFS, we show that the highly conserved C-terminal region of Mad10 specifically and strongly binds to magnetite thin films but does not display crystal-face-specificity. This strong peptide−magnetite interaction is characterized by broad rupture force distributions that do not depend on the retraction speed of the AFM cantilever. Our theory suggests that these broad rupture force distributions, insensitive to the retraction speed, originate from an unbinding process that involves a weakly associated state with a speed-dependent lifetime. From this state, the peptide can either rebind to a strongly associated state or dissociate from the surface with a speed-dependent rate. Utilizing this strong interaction, we envision that this new magnetite-binding peptide Mad10p can be used for the functionalization of magnetite nanoparticles in biotechnological and biomedical applications.
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